Abstract: Poly(vinylalcohol)/poly(ethyleneglycol)/poly(ethyleneimine) blend membranes were prepared by solution casting followed by solvent evaporation. The chemical structure of the prepared membranes was analyzed by FTIR and DSC. The sorption behavior as well as the permeabilities of the membranes for pure CO 2 and N 2 were investigated. The results show that the PVA/PEI/PEG membranes possess a higher permeability of CO 2 and a lower permeability of N 2 . The membrane displays a CO 2 permeability of 27 Barrer, and a N 2 permeability of 3 Barrer at 25°C and 1 bar. CO 2 sorption behavior of the composite membrane, which can be classified as a dual-mode sorption model, and N 2 sorption behavior of the copolymeric membrane is in agreement with the Fickian diffusion model.
Introduction
To selectively remove CO 2 from gas mixtures, the use of membranes is of interest for a wide variety of applications such as upgrading of natural gas, landfill gas recovery, enhanced oil recovery and global warming prevention [1] . However, one of the major problems confronting the use of membrane-based CO 2 separation technology is the lack of membranes with both high permeability and high selectivity. A gas separation membrane prepared with a blended polymer has exhibited improved mechanical properties, better membrane-forming ability and higher gas permeability, which are all very attractive [2] . By blending, a useful combination of the advantage of each polymer into a new product can be achieved. Furthermore, the blending of polymers can result in properties not found in a single polymer. Compared with other modification technologies or even with the synthesis of entirely new materials, polymer blending is preferred due to its simplicity, reproducibility and commercial character [3] . However, most of the research is focused on common polymeric membrane materials, which involve a solution-diffusion mechanism. The existence of a carrier that can react reversibly with the permeant brings about high selectivity and high permeability. There are two types of facilitated transport membranes: one regroups the mobile carrier membranes (such as liquid membranes) where the carrier can diffuse in the membrane, and the other merges the fixed carrier membranes where the carrier is immobilized in the membrane matrix and cannot move. Although there is a remarkably high selectivity for liquid membranes, the disadvantage of this type of membranes is that it has poor stability. For the separation of CO 2 , fixed carrier membranes have high permselectivity as well as good stability, which is very attractive [4] [5] [6] .
Matsuyama et al. [6] prepared a polyethylenimine/ poly(vinyl alcohol) blend membrane and investigated its CO 2 /N 2 separation performance. Polyethylenimine contains primary and second amino groups that can react with CO 2 reversibly. The results show that the selectivity of CO 2 over N 2 presents a maximum with the increase of polyethylenimine content in the blended membrane.
Ward and Neulander [7] investigated the separation of SO 2 /CO 2 mixtures by liquid membranes and found that PEG exhibited an excellent solubility (0.7 mol l -1 atm) for SO 2 compared to that of CO 2 (0.1 mol atm -1 ) at 25°C. Although the separation of CO 2 /SO 2 was not effective, PEG was found to be an excellent solvent for its selectivity towards the polar gases. Kawakami et al. [8] measured the permeability of CO 2 through PEG 300 immobilized in porous regenerated cellulose. They adopted the partition cell method to determine the permeability and also the effects of inorganic salts on CO 2 , O 2 and N 2 permeabilities. It was observed that, with the exception of potassium fluoride, the addition of the salts did not change the CO 2 permeability. However, due to the salting out effect a reduction in the permeabilities of the other components was observed. They reported CO 2 permeability around 3.645 × 10 -13 m 3 (STP) m m -2 s kPa in pure PEG at 298K. The authors concluded that the acidbase reaction between the acidic CO 2 and the electronrich ether oxygen atoms of the PEG molecules is probably responsible for the enhanced solubility of CO 2 in PEG.
The work ignored the effects of the impermeable porous support as well as the tortuosity of the membrane. The selective permeation of CO 2 from a CO 2 /O 2 mixture through alkanolamine/PEG membranes was studied by Meldon et al. [9] . They obtained separation factors of 5 between CO 2 and O 2 , and reported a CO 2 permeability of 3.75 × 10 -12 m 3 (STP) m m -2 s kPa in pure PEG at 298K. When 1 M DEA was used as a carrier, the separation factor increased to 40 with a CO 2 permeability as high as 3.0 × 10 -11 m 3 (STP) m m -2 s kPa at low CO 2 concentration. These studies proved alkanolamines to be important carriers for selective removal of CO 2 .
In this paper, the membranes containing amine groups, which act as fixed carriers for CO 2 facilitated transport, were prepared, and their chemical structure analyzed. In addition, the CO 2 , N 2 sorption behavior of the membranes and their CO 2 , N 2 permeability were investigated.
Experimental Procedures

Chemicals
PEG with the average molecular weight of 10,000 was purchased from Aldrich and used as received without further purification. PVA (Aldrich, 99% hydrolyzed powder) has an average molecular weight of 89,000-98,000 and PEI with the average molecular weight of 2,000 were purchased from Aldrich as 50 wt.% aqueous solutions. The ratios of primary amino groups/secondary amino groups/tertiary amino groups in both PEIs are approximately equal to 1/2/1.
Membranes preparation
PVA/PEI/PEG membranes were prepared by solution casting and solvent evaporation technique. A 7-g sample of PVA was dissolved in 93 mL of deionised water to form a 7 wt% solution at 90°C. PEI solution (7 wt%) was prepared by dissolving 3.5 g of 50 wt% aqueous solution of PEI in 23.25 mL of water. A 1.8-g sample of PEG was dissolved in 24 mL to form a 7 wt% solution at 25°C. PVA, PEI and PEG blends were then prepared by mixing the individual solutions in different ratios. The mixture was then stirred for half an hour to form a homogeneous solution. The bubble-free blend solution was cast to the desired thickness on a clean glass plate with a Gardner knife and solvent was allowed to evaporate slowly at room temperature for a period of 24 h. The resultant membrane was removed from the glass plate and dried in vacuum oven at 50°C for 12 h. The membrane thickness was ca. 100 µm.
Characterization techniques
The IR-spectroscopic measurements were performed on an Avatar 360 Nicolet series FT-IR spectrometer; 32 scans were signal averaged at a resolution of 4 cm -1 . The thermal behavior of samples was analyzed by using the conventional Differential Scanning Calorimeter Perkin-Elmer DSC-7. Samples with a mass of about 10 mg were used. The heating step was done from 0°C to 260°C at a rate of 10 °C min -1 followed by an isothermal heating for 10 min, a first cooling from 260°C to 0°C, and a second heating in the same range. All DSC runs were carried out under nitrogen atmosphere to minimize the oxidative degradation. Before all DSC experiments, the baseline was calibrated using empty aluminium pans, and the DSC apparatus was calibrated using melting temperature and enthalpy of a high-purity indium standard (156.68°C and 28.45 J g -1 ).
Sorption experiments
Water uptake from water vapour was measured by using an electronic microbalance (IGA-002), supplied by Hiden Analytical, Warrington (UK). After transferring the sample to the measurement reactor, the system is evacuated (10 4 Pa) for about one day by a turbomolecular pump until a constant weight is achieved. The sample environment temperature is controlled by a thermo regulated water bath. Then, vapour pressure is increased in suitable levels up to saturation vapour pressure. At each step, the mass gain is measured as a function of time until an equilibrium state is reached. The water content at equilibrium is used to build the sorption isotherm. More details have been reported elsewhere [10] . In this work the water, CO 2 and N 2 sorption measurements were performed at 25°C. CO 2 and N 2 permeation properties of films were determined using the permeation apparatus previously described [11] . Before a measurement, the air present in the permeation cell was completely evacuated by applying a vacuum on both sides of the film for one night. The pressure in the permeation cell had a constant value < 5 x 10 -3 mbar at the beginning of the permeation experiment. Then the upstream side of the permeation cell was exposed to a fixed pressure of the gas to be tested (0.5 bar < p 1 < 3 bars, according to the case).
The increase in the pressure p 2 , in the calibrated downstream volume was measured using a sensitive pressure gauge (0-10 mbar, Effa AW-10-T4) linked to a data acquisition system.
The permeability coefficient p was calculated using the variable pressure method [12] assuming s cm Hg) and the ideal selectivity a were determined by using the following equations: 
where Q is the quantity of STP gas permeated in a time interval t in the steady state of gas flow, A is the effective film area for gas permeation, l is the average film thickness, and p 1 and p 2 are inlet and downstream pressures, respectively. P co 2 and P N 2 are the permeability coefficients of pure CO 2 and N 2 , respectively.
Results and Discussions
Experimental data treatment
The data obtained at 25°C from water sorption measurements with PVA/PEI/PEG blend membranes is reported in Fig. 1 . We can observe in the same graph the different vapour pressure steps applied from zero to saturated water vapour pressure (31.76 mbar) and the mass of water sorbed for each pressure increment. A measuring step is over when the equilibrium is reached (M t ≈ constant). Therefore, the length of a pressure step is variable and corresponds to the establishment time of the sorption equilibrium state of the sample. The experiment time is directly linked to the water vapour speed of absorption for a pressure increment. Also, the increase of mass between two steps depends on the pressure of the system (Fig. 1) . Water vapour sorption isotherm at 25°C obtained from data of (a).
Structural analysis of the PVA/PEI/PEG composite membranes
IR analysis
The structure of the PVA/PEI/PEG blends according to the IR spectrum (Fig. 2) . The characteristic absorption peaks of the IR spectra for the PVA, PEI and PEG homopolymers are 3300, 1656, 1578, 1300, 1142, 1100, 765 cm -1 , respectively. The broad band at 3300 cm -1 should be attributed to the stretching of H-bonded O-H (PVA). The peaks at 1578 cm -1 and 1656 cm -1 should be attributed to N-H bending of PEI. The peaks at 765 cm -1 and 1300 cm -1 should be attributed to C-N stretching of PEI. The fine peak at 1142 cm -1 should be attributed to PVA crystallites.
DSC analysis
The ternary-blend membranes exhibit two endothermic peaks, one at a temperature slightly lower than that of pure PVA-crystallite melting, attributed to the melting of crystalline PVA, the other at 63.5°C. The former is attributed to the melting of crystalline PVA, and the latter attributed to the melting of crystalline PEG. PEG melting peaks in the blends are sharp and stand at the same temperature as that of pure PEG, 63.5°C, so that we can conclude that the PEG crystallization in the blends is similar as that in pure PEG (Fig. 3) , i.e., not much perturbed by the presence of PVA and PEI. Such a result is consistent with the observation of pure PEG nodules in the membrane matrix. 
Sorption behaviour
N 2 sorption isotherms
The N 2 sorption isotherms for the PVA/PEI/PEG membranes loaded with different PEG contents are all linear (Fig. 4) . This means that the sorption of the gas in the polymer materials is of Henry's type. Such a behavior is general for the dissolving of gases without specific interactions with the polymer in contact with the gases. In fact, a polymer material in the rubbery state is generally considered as a highly viscous organic liquid, into which gases are dissolved.
CO 2 sorption isotherms
Fig . 5 shows the CO 2 sorption isotherms for the PVA/ PEI/PEG blend membranes. They are different from those of N 2 . The first part of the sorption isotherm is concave towards the abscissa at low activities, which is typically described by the dual-mode sorption, i.e., the one in which gas molecules are sorbed both by dissolution and by sorption on fixed sites (Langmuir sites) due to more specific physicochemical interactions between the gas and the fixed sites. The curvature is slight for PEG contents smaller than 10 wt.%, then becomes more significant for 15 wt.% of PEG content. The linear increase in the amount of sorbed CO 2 with the gas pressure after Langmuir-site saturation is typical for the Henry-type contribution. Fig. 6 shows the effect of PEI content on the ideal selectivity of the prepared membranes at a gas pressure of 1 bar. The highest selectivity obtained, 24, largely exceeds that of PVA membrane (Fig. 6) . The selectivity initially increased with the PEI content, reached a maximum, then decreased and levelled-off with further increase in the PEI content. The increase in the permeability with the increase in the content of carrier in the membranes is quite general and is explained by the larger contribution of the facilitated transport to the total permeation. Therefore, the decrease in the facilitation effect beyond of certain PEI content can only be explained by a change in the values of the material transport parameters. Cai et al. [13] studied the change in the crystallinity of the PVA membranes made of PVA blends with polyallylamine with the polyamine content and found that there was an inverse relationship between the PVA crystallinity and the gas permeance of the blend membranes. The situation should be the same with our The compact organization of polymer crystallites prevents any sorption of the permeant molecules in their structure. This makes the molecular diffusion in the remaining amorphous phase much slower by creating impermeable obstacles on the diffusion pathways. In the case of PVA, its crystallinity was shown to have a dramatic effect on the PVA membrane permeability [14] . The PVA crystallinity effect is much smaller in the case of PVA-PEI and PVA-polyallylamine blends, because the main contribution to the total transport was from the facilitated transport via the amorphous amine carriers.
Ideal selectivity
Water vapor sorption in PVA/PEI/PEG membranes with different PEG contents
The isotherms of water vapor sorption in PVA/PEI/PEG membranes ( Fig. 7) exhibit a sigmoïdal pattern which is reminiscent of the BET II type isotherm [15] . The concavity of the isotherm with respect to the activity axis at low activities is attributed to the dual-mode sorption, which is made up of Henry's and Langmuir's mode components. The first one (Henry type) is the illustration of random water absorption (dissolution) in the polymer matrix. The second one (Langmuir type) occurs when specific adsorption sites are present in the polymer. Nevertheless, as far as we know, there are no sites of the Langmuir type present in common polymers in the rubbery state. In fact, the Langmuir sites for gas or vapor sorption are the microvoids or unrelaxed volumes that exist in every glassy structure [16] due to the frozen spaces in between immobile chains. In the rubbery state, the rather fast fluctuations in chain positions suppress the fixed microvoids and time-fluctuating free volumes appear randomly in the material volume [16] . The perfectly linear Henry-sorption of gases like CO 2 or N 2 in PVA/PEG film confirms the absence of the Langmuir sites in the polymer.
Permeation performance
The permeation flux increases linearly with the feed gas pressure in the case of nitrogen, while it goes through a shallow minimum at low pressures ( Fig. 8) for CO 2 .
As the driving force for permeation increases with feed gas pressure, a decrease in the flux with the feed gas pressure increase means that the permeation does not obey the classical solution-diffusion mechanism. At very low feed gas pressures, CO 2 permeability is remarkably high. One can infer that the contribution of CO 2 dissolution to the total permeation in the classical mechanism is very small at low gas pressures, while the abundance of free amine groups in the membranes with respect to CO 2 makes the contribution of CO 2 -amine reaction to the permeation high (Fig. 7) . As the CO 2 pressure in the feed increases, free amine groups become less and less available (progressive saturation of the carrier by CO 2 ), making the contribution of CO 2 transport via amine carrier site smaller and smaller with respect to the contribution of the normal solutiondiffusion mechanism. At high feed gas pressures, CO 2 permeation is dominated by the normal solution-diffusion mechanism. Gases which are not complexed by amines like oxygen, nitrogen or methane permeate according to the sole solution-diffusion mechanism, with a constant permeability coefficient [15] (Fig. 7) .
Conclusions
PVA/PEI/PEG blend membranes were prepared and studied in pure CO 2 and N 2 gas permeation. FTIR and DSC studies show that PVA and PEI exhibit extended hydrogen bonding that reduced the membrane crystallinity and promoted the miscibility between PVA and PEI. The CO 2 permeability decreased with the increase in the CO 2 partial pressure, whereas the N 2 permeance was nearly constant. This result showed that only CO 2 was transported by the selective transport mechanism and also that PEI effectively worked as a carrier for CO 2 transport. The CO 2 and N 2 permeabilities increased monotonically with increasing PEI content in the membrane, probably because of an increase in the membrane swelling with the PEI content. On the other hand, the selectivity showed a maximum. The highest selectivity was about 24 and was higher than that of the PVA membrane.
The CO 2 sorption behavior of the composite membrane, which can be classified as a dual-mode sorption model, and N 2 sorption behavior of the copolymeric membrane is in agreement with the Fickian diffusion model.
